INTRODUCTION
Evaluating the contact angle behavior of a solid surface is of great importance for many practical applications such as self-cleaning coatings, surface tension driven flow in micro-electromechanical-systems (MEMS), and drag reduction of film liquid flow in micro/nanochannels. It is well-known that micro/nano arrays of pillars on a surface can greatly affect the contact angle. The wetting properties of artificially roughened surface referred to here as micropatterned surface have been evaluated extensively in the literature. 1−6 Two extreme situations may occur on these micropatterned surfaces. First, the droplet may penetrate into the gap between the pillars known as noncomposite state;
and second, the droplet may stay on top of the pillars enclosing air pockets termed as composite state. The noncomposite and the composite states were evaluated by Wenzel 1 and Cassie−Baxter, 2 respectively. The contact angle was determined as a function of intrinsic contact angle as well as roughness geometry with parameters such as roughness factor and wetted area of solid fraction. Part a of Figure 1 Park et al. 7 reported that depending on the relative values of pillar spacing and heights, observed wetting states could be considered as mixed wetting state, that is, 0 < ζ/h < 1, .
The liquid−air meniscus could either be convex or concave for hydrophobic or hydrophilic pillars, respectively. Chen et al. 8 introduced a dimensionless number as a function of pillar height and size, and experimentally showed that a large apparent contact angle is achievable with this number larger than 4 and a small solid fraction. Oner and McCarthy 9 investigated the dynamic hydrophobicity of extensive micropatterned surfaces and reported that as long as the length scale of the square micropillars, with the equal spacing and size less than 32 μm, composite state with large contact angle and small contact angle hysteresis could be obtained regardless of the pillar height. They also observed that changing the pillar shape would affect the dynamic contact angle, which is not predictable by Cassie−Baxter theory. Extrand 10 introduced the two criteria ensuring the composite state, namely, the contact line density and the asperity height. To identify the role of the factors determining the wettability condition of the micropatterned surface, Li and Amirfazli 11,12 performed a comprehensive theoretical work based on free energy and free energy barrier of a metastable energy state, which was the simplified version of the 3D approach previously proposed by Johnson and Detree. 13 The obtained analytical formula clearly explained how geometrical parameters of a pillar affect the wetting conditions. 12 Li et al. 14 Therefore, it seems that apart from those geometrical parameters predicted by classical wetting theories and those addressed in the previous works (part a of Figure 1 ), other factors influencing the topology of the three-phase contact line should also be taken into account in evaluating wetting behavior. One of these factors is the orientation of the pillars, in particular the center-to-center offset distance between successive pillars in a column. This distance is called in our present work as the eccentricity ε. This parameter is represented in part b of Figure 1 . This parameter can also be regarded as how much the pillars of a micropatterned surface deviates from being symmetric. Therefore, by changing this parameter, the surface is no longer isentropic and becomes directional dependence. This directional dependency known as anisotropic wetting is not only a peculiar phenomenon but also common in some natural surfaces such as rice leaves, 34 which have the ability to directionally control the movement of water droplets. 35 Anisotropic wetting of the 1D strips of hydrophobic and hydrophilic regions as well as 2D microgroove have already been evaluated in the literature 28,36 and the effect of changing the viewing direction along and across the groove on the contact angle was reported and it was found that Cassie−Baxter equation was only valid when the contact line moved along the strip. 28 As Cassie−Baxter emphasized in their original work, 2 anisotropic wetting was completely different along the perpendicular direction. However, the effect of anisotropic wetting on discrete pillars was not evaluated in the literature, and thus evaluating the wetting conditions by changing both pillar eccentricity as well as viewing directions would make the analysis much more complex. Therefore, in the present article, all contact angles were measured along a fixed direction, the y direction shown in part a of Figure 2 , whereas the pillar eccentricity was changed systematically.
To the best knowledge of the authors, the eccentricity effects of the micropatterned surface on contact angle values have not been investigated before and will be the main focus of our present work. Studies were conducted on square micropatterns, which are fabricated on silicon wafers with pillar eccentricity ranging from 0 to 6 μm for two different pillar spacing values. By measuring of the static as well as the dynamic contact angles on these surfaces, the eccentricity effects on dynamic hydrophobicity will also be investigated.
EXPERIMENTAL METHOD

Design of Micropillars.
To evaluate the effect of pillar orientation on wetting conditions, pillars with identical square shape ( Figure 2 ), height (H = 8 μm), width (L), and spacing (D) but different eccentricity (ε) were designed and fabricated on a silicon substrate. As inferred from eq 1, the value of the contact angle can also be a function of k, which can be defined as the force (energy) required to pin the unit length (area) of the drop to the surface. Thus, this term depends on the fraction of the solid wetted by the drop, that is, the smaller the fraction, the lower is the pinning of the contact line, or the lower is the value of k. Consequently, it is worth comparing the wetting behavior at different pillar density, determined by the ratio L/D. In a different set of experiments, pillars with the same variation of eccentricity (0−6 μm) but lower pillar density were investigated. The detailed geometrical values of these pillar structures are listed in Table   1 . It is also more meaningful to consider the dimensionless values of pillar parameters.
Throughout this paper the superscript (*) indicates the relative pillar size with respect to its size, that is, D* = D/L and ε*= ε/L.
Fabrication Processes.
The pillar geometries were designed and patterned on a glass mask. Since positive photoresist (AZ4620) was used during photolithography, the pillars on the mask appear opaque, so that the patterns of the pillars would remain on the wafer.
Silicon wafers were cleaned with piranha following RCA (Radio Corporation of America) procedure to achieve maximum process reliability. After the cleaning process, the wafer was dried by blowing with nitrogen gas and then baked at 100 °C for 1 min on a hot plate. Prebake was required to improve the surface adhesion of the silicon wafer before the coating process. The wafer was baked at 100 °C for 90 s. Two-step coating of the photoresist AZ4620 was applied to achieve uniform resist on the silicon wafer. The first step slowly spreads the resist on the whole wafer surface. The second step distributes the resist uniformly. The coated wafer was then soft baked at 100 °C for 90 s on a hot plate to remove excess solvent and to improve the adhesion of photo resist on the wafer.
Next, the wafer was exposed to UV light for about 170 s at an intensity of 8.3 mW/cm 2 .
As the photoresist used was a positive type, exposed region of the resist was removed, leaving the unexposed photoresist on the wafer. The developer was diluted with deionized (DI) water with a volume ratio of 1:4 to gain more control over the development process of the photoresist. The wafer was examined under a microscope to ensure that there were no residues of photoresist on the patterns of the wafer as it would affect the etching process. If there were still some residues, the wafer was immersed again in the developer until the resist was completely removed. The silicon wafer with the patterns was subsequently rinsed in DI water and slowly dried by nitrogen gas. The radius of the drop can be estimated from the volume of the drop as r = [3/π(sin 3 θ∀)/(2 − 3cosθ − 3cos 3 θ)] 1/3 . Therefore, the effect of gravity on the droplet can be neglected. To measure the static contact angle of the droplet, a small volume of DI water (V = 10 μL) was placed carefully on the surface of each sample. When the droplet has stabilized, its image was captured and analyzed using FTA200. The corresponding contact angle was then evaluated. The advancing and receding contact angles were also measured using the so-called imbedded needle technique using the same instrument. To measure the advancing contact angle, the droplet volume was increased very slowly at a rate of 0.5 μL/s from its initial volume of 5 μL to the maximum volume of 30 μL.
Whereas the contact line of the droplet remains fixed, the contact angle increases with increasing volume of the droplet. When the droplet reaches a specific volume, further increment of the droplet volume causes the contact line to move. At this moment, pumping was stopped and the contact angle just before the expansion of the contact line was recorded as the advancing contact angle. The reverse process was done to measure the receding contact angle.
The pixel error in FTA200 is reported to be around 0.5 degrees. All of the measurements were conducted at least five times at different locations on the sample. The reported contact angles are the mean values. The standard deviations were calculated from the data set. The average values of the measured static and dynamic contact angles (i.e., advancing and receding contact angles) and the statistical errors are listed in Table   2 .
Typical values of the measured contact angles are illustrated in Figure 3 . A bare, smooth silicon substrate has an advancing contact angle of 65°, as seen in part a of Figure   3 . By patterning the pillars on the surface, the contact angle increases, as seen in part b of Figure 3 . In the case depicted in part c of Figure 3 , the effect of eccentricity can be seen by comparing with part b of Figure 3 . In both cases, pillar relative spacing is 0.2 whereas eccentricity changes from the maximum to the minimum value. The results show that the contact angle of micropatterned surfaces with the same pillar geometry increases from 95° to 119° just by decreasing the eccentricity from 6 to 0 μm. Part d of Figure 3 represents the sample with the pillars of the same height and eccentricity as those depicted in part c of Figure 3 but with a larger relative spacing. In this case, the apparent contact angle increases significantly. This observation is consistent with the Cassie−Baxter theory, which predicts that surfaces with lower solid−liquid area fraction have higher contact angle values.
RESULTS AND DISCUSSIONS
The measured contact angles for the different micropillar patterns listed in Table 1 are presented graphically in Figures 4 to 6. In Figure 4 , the static contact angles on the micropatterned silicon surfaces are plotted versus the normalized eccentricity, ε* = ε/L for two different normalized spacing D* = D/L. First, the results show that patterning the surface of the silicon substrate with micro pillars increases the contact angle. In the experiments, the droplet was gently placed on the surface, that is at approximately zero velocity. However, it was also observed that a high impact velocity of the droplet can impose higher pressure causing the droplet to penetrate into the pillar spacing and consequently decreases the contact angle. Therefore, measured values of the contact angle can be considered in a state where the water droplet has the minimum contact with the surface, that is the composite state. Second, increasing the relative spacing between the pillars from 0.2 to 0.4 by decreasing the pillars' size and increasing the spacing between them significantly increases the contact angle by almost 20°. This result confirms that the liquid droplet on top of the pillar is in the composite state.
The most important result of this experiment, also the main objective of our study, is the variation of contact angle by changing the eccentricity of the micropillars. Figure 4 shows that the contact angle is a linear function of eccentricity and the gradient is inversely proportional to the pillar relative spacing D*. As observed, for the case of higher pillar density (lower relative air gap D* = 0.2, the apparent contact angle decreases from 119° to 103° as the eccentricity of the micropillars increases from 0 to 6 μm). This indicates that more than 13% reduction in contact angle is caused by the increment of eccentricity. The higher the pillar relative spacing or the lower the pillar density, the less is the dependency of the static contact angle on the pillar eccentricity.
Dynamic contact angles of the droplet on the samples are shown in Figures 5 and 6 for the respective pillar spacing. The trend of change in advancing and receding contact angles is qualitatively the same as the static contact angle discussed above. Therefore, CAH can be related to the line tension k in eq 1. In other words, the difference between the advancing and the receding contact angle is due to the effect of three-phase contact line. As shown in Figures 5 and 6 , increasing the relative spacing between the pillars decreases the CAH and increases hydrophobicity. On surfaces with lower spacing (D* = 0.2), increasing the eccentricity from 0 to 6 μm also increases CAH, as seen in Figure 5 . This trend implies that hydrophobicity of the droplet is inversely proportional to eccentricity. The trend of CAH in Figure 6 leads to the same conclusion. For better understanding the trend of increasing CAH Δθ as a function of pillar eccentricity, the following nondimensional variable is defined:
where Δθ(ε) is the CAH at different values of eccentricity, Δθ(0) is the CAH at zero eccentricity, corresponding to minimum CAH.
For the investigated samples, Δθ* is plotted against the normalized eccentricity for both cases of low and high pillar spacing, Figure 7 . Figure 7 reveals that at a maximum eccentricity of 6 μm CAH can increase up to 41% for lower pillar spacing and 35% for higher pillar spacing. For both cases of higher and lower pillar spacing, maximum obtainable hydrophobicity corresponds to the pillar patterns with zero eccentricity. As the pillar relative spacing decreases, the effect of increasing the eccentricity becomes much more pronounced. In eq 3, is the modified Cassie contact angle, is the wetted area of the solid fraction, is interfacial tension of liquid and vapor, and is the radius of curvature of the three-phase contact line. The first term on the right-hand side is the same originally derived by Cassie. 38 The second term is the additional term due to the existence of the Furthermore, we found that the influence of contact angle as well as CAH variations with eccentricity is more pronounced for pillars with a smaller relative spacing D* which also can be derived from eqs 1 and 3. It was well-known and also shown in our current work that increasing pillar spacing makes the wetting state becomes closer to the composite state, for example, ζ → h as shown in part a of Figure 1 .The three-phase contact line depins from the pillar because of the small contact line tension k.
Consequently CAH is smaller and the surface becomes more hydrophobic. Comparing 
CONCLUSIONS
This article investigated the effect of an additional pillar geometrical parameter, termed as eccentricity, on the dynamic wettability conditions of micropatterned surfaces.
Micropillar arrays with sizes ranging from 6 and 7 μm, a constant height of 8 μm, spacing of 1.5 and 2.5 μm, and variable eccentricities from 0 to 6 μm were fabricated on silicon wafers using photolithography and etching. Static and dynamic contact angles were measured by placing a small volume (5 μL ≤ V ≤ 30 μL) of DI water droplet gently onto the fabricated surfaces. The high contact angle and the metastable wetting condition as observed in the experiments confirm that the water droplet stays on top of the pillar. At zero eccentricity, by increasing the relative spacing between the pillars, an increase in static contact angle of more than 20° (from 119° to 141°) and a decrease of the CAH (from 17° to 24°) was observed. The measured static and dynamic contact angles were found to be a descending linear function of pillar eccentricity. The gradient is inversely proportional to the pillar relative spacing. At a maximum eccentricity of 6 μm CAH can increase up to 41% for the lower pillar spacing, and 35% for the higher pillar spacing.
The maximum obtainable hydrophobicity corresponds to micropillars with zero eccentricity. As the pillar relative spacing decreases, the effect of increasing the eccentricity in decreasing the hydrophobicity becomes much more pronounced. These findings can be explained by taking into account the additional term of three-phase contact line tension using the modified Cassie eq 3. Changing the pillar eccentricity causes the three-phase contact line to deform at different radii of curvature, which affect the contact angle. The effect of varying pillar eccentricity on contact angle is more pronounced with low spacing micropillars. This observation agrees with the modified Cassie equation where at lower pillar spacing, three-phase contact line tends to pin to the pillars and the order of line tension becomes more significant. In that case, the additional term due to the effect of three-phase contact line in eq 3 becomes more important.
Finally, it can be concluded that the eccentricity of the pillar arrays beside other pillar geometrical parameters, should also be taken into account to design micropatterned surface with controlled wettability and micropillars with zero eccentricity being more hydrophobic. 
